Background. T-wave parameters, especially the Tpeak-Tend interval (TpTe), reflect the total dispersion of repolarization, whose amplification may lead to the development of life-threatening ventricular arrhythmias observed in the long QT syndrome (LQTS).
Introduction
Congenital long QT syndrome (LQTS) is a disease manifested by electrocardiographic repolarization abnormalities with the QT interval prolongation and predisposition for malignant ventricular tachyarrhythmias (torsade de pointes), potentially leading to recurrent syncope and sudden cardiac death (SCD). 1 Among 15 types of LQTS mutations thus far identified, the most common LQTS1 (KCNQ1) and LQTS2 (KCNH2) genotypes differ in the clinical course, symptom-related triggers, duration and morphology of the repolarization wave in the ECG, determined by various action potential durations in cardiac myocytes, dependent on malfunctioning ion channels: slowly repolarizing cardiac potassium current I Ks in LQTS1 and rapidly repolarizing cardiac potassium current I Kr in LQTS2. [2] [3] [4] [5] The criteria for LQTS diagnosis, valid since 1993 (improved in 2012) and comprising a point scale (the Schwartz score ≥4), based on clinical presentation, family history and the electrocardiographic analysis of the QT interval, do not include the classification of the most common types of LQTS: LQTS1 and LQTS2. 1, 6 Moreover, the criteria do not consider the diagnostic importance of the QTp (Q-Tpeak) and TpTe (Tpeak-Tend) intervals in the resting and exercise ECG that help differentiate between LQTS1 and LQTS2 and assess the risk of malignant ventricular arrhythmias. [7] [8] [9] [10] [11] [12] T-wave parameters, especially the Tpeak-Tend (TpTe) interval, may provide a more accurate electrophysiological marker of ventricular arrhythmia risk than the QT interval. 12, 13 The question of whether TpTe reflects transmural repolarization heterogeneity or total dispersion of repolarization is still a matter of debate. 5, [14] [15] [16] The study attempted to evaluate the QT, QTp and TpTe intervals in unaffected and affected blood relatives of children with long QT syndrome as well as to determine whether the values of these repolarization parameters may be used in clinical practice as a possible method of identifying affected and unaffected subjects, and whether they may help differentiate between LQTS1 and LQTS2 types.
Material and methods
Thirty-five unrelated families with long QT syndrome (each with 2 generations of members) were enrolled into the study. This group consisted of 115 adult blood relatives of 62 children with clinically diagnosed LQTS (35 children with LQTS1 and 27 with LQTS2) who were admitted to the Department of Pediatric Cardiology of the Medical University of Silesia in Katowice (Poland). Based on the ECG analysis of the repolarization period as well as clinical presentation, personal and family history of syncope and arrhythmia and/or aborted SCD, the study group included 47 adult blood relatives with LQTS and 68 unaffected family members without clinically confirmed LQTS symptoms. All the affected patients had score values ≥4 according to the Schwartz and Moss criteria. 1 The affected family members were 27 patients with LQTS1 and 20 patients with LQTS2. Identification of the most common LQTS1 or LQTS2 in the patients with long QT syndrome was based on the analysis of the repolarization period: morphology, amplitude and duration of the T-wave in the standard ECG (in LQTS1, T-wave: broad-based, smooth, with a higher amplitude; in LQTS2, T-wave: bifid, notched, flat, with long duration) ( Fig. 1, 2) , and a history of genotype-specific triggers (sympathetic stimulation in LQTS1: mainly exertion -particularly swimming, emotional stress, cardiac events -usually during rest; in LQTS2: sudden arousal from rest or sleep, auditory stimuli). 5 In order to search for mutations, genomic DNA was obtained from all patients, using mSSCP and sequencing. Furthermore, the transcriptional activity of the encoding genes KCNQ1 and KCNH2 (HERG) was determined in the study, using the quantitive real-time polymerase chain-reaction (QRT-PCR). The expression of the investigated genes was inferred from the analysis of the number of mRNA copies per 1 µg total mRNA isolated from whole blood. The genetic data was presented in earlier papers. 17, 18 The study exclusion criteria were bundle branch block or any other intraventricular conduction defect, atrial fibrillation, lack of sinus rhythm, and use of medications known to prolong the QT interval.
In the study, digital 12-lead resting electrocardiograms of 115 blood relatives were recorded at a paper speed of 50 mm/s with an amplification of 10 mm/mV (AT2 plus Schiller AG, Baar, Switzerland).
The RR, QT, QTp, and TpTe intervals were measured manually in the lead V5 of standard ECG in 3 consecutive cardiac cycles, and then averaged. The QT interval was measured from the onset of Q-wave to the end of T-wave at the point of its return to the isoelectric line. The end of T-wave was defined as the intersection between the line tangent to the descending arm of T-wave and the isoelectric line. The QTp was the interval between the Q onset and T-wave peak. The TpTe was the interval from the peak of T-wave to the end of T-wave at the point of its return to the isoelectric line. If T-wave was inverted, the TpTe interval was measured from the lowest point of the inverted T-wave to the end of T-wave at the point of its return to the isoelectric line. The U-wave was not taken into account. 19 The RR interval was measured on the basis of an average of 3 cardiac cycles (the same cycles in which the QTp and TpTe intervals were measured). To correct for possible heart rate effects on QT and QTp, we applied Bazett's (QT, QTp/√RR) and Fridericia's (QT, QTp/RR 1/3 ) formulas. All measurements of the end of T-wave were analyzed blindly by another independent investigator, without access to the obtained results and clinical data.
Statistical analysis
The data was exported from an Excel v. 2010 datasheet to the STATISTICA v. 7.1 data analysis software system (StatSoft Inc. 2006, Kraków, Poland). Due to the lack of normal distribution of the investigated parameters, examined with the Shapiro-Wilk test, we used the Mann-Whitney U test. Variables that followed normal distribution were compared using the Student's t-test. In addition, the ANOVA test (Kruskal-Wallis test) and post hoc test (Student-Newman-Keuls) were used for the comparison of sex subgroups (medians and ranges). The level for statistical significance was set at a p-value <0.05. The ROC curve receiver operating characteristic (ROC) (area under curve [AUC]) analysis was also performed to find the cut-off point for the TpTe intervals with the highest sensitivity and specificity.
The study was approved by the Bioethics Committee at the Medical University of Silesia in Katowice (No. NN-6501-182/05).
Results
One hundred fifteen adult blood relatives of 62 children with clinically diagnosed LQTS were enrolled into the study: 47 adult blood relatives with LQTS (36 women and 11 men; mean age 41 ±16 years) and 68 unaffected family members (26 women and 42 men; mean age 40 ±14 years) without clinically confirmed LQTS symptoms (Table 1) .
Among 27 family members with LQTS1 (22 women and 5 men; mean age 44 ±19 years), 10 subjects (5 mothers, 1 father, 1 sister, 1 brother, 1 father's sister, and 1 mother's sister) were symptomatic with a history of exercise-related syncope. Two mothers had a positive family history of sudden cardiac death by the age of 30 years. Among 20 family members with LQTS2 (14 women and 6 men; mean age 36 ±11 years), 3 mothers with cardiac arrest (TdP) and an implantable cardioverter-defibrillator reported recurrent syncope during pregnancy and puerperium. Twelve subjects (7 mothers, 2 fathers, 1 sister, 1 maternal grandmother, and 1 paternal grandmother) reported syncope, often occurring during rest and sleep, triggered by stress or auditory stimuli. In the past history of 3 LQTS2 families, cases of sudden cardiac death at a young age were reported. All subjects with cardiac events (10 with LQTS1 and 15 with LQTS2) received beta-blockers. Moreover, antiepileptic drugs were administered to 2 LQTS2 family members.
In the whole study group of 115 blood relatives, there were no significant differences (p = 0.822) in age between the affected and unaffected family members (Table 2) . However, the unaffected men (mean age 42.88 ±13.03 years) were older (p = 0.0494) than the unaffected women (mean age 36.92 ±15.36) ( Table 3) . are shown as a mean ±standard deviation (SD); QTcB, QTpcB -QT, QTp intervals corrected for heart rate (HR) using Bazett's formula; QTcF, QTpcF -QT, QTp intervals corrected for heart rate (HR) using Fridericia's formula. are shown as a mean ±standard deviation (SD); QTcB, QTpcB -QT, QTp intervals corrected for heart rate (HR) using Bazett's formula; QTcF, QTpcF -QT, QTp intervals corrected for heart rate (HR) using Fridericia's formula. All the subjects presented sinus rhythm. Heart rates in the unaffected blood relatives varied from 42 to 100 beats/min, while in the affected subjects, the values ranged from 53 to 109 beats/min ( Table 1 ). The RR intervals were significantly longer (p = 0.0001) in the unaffected subjects than in the affected subjects ( Table 2) . The baseline TpTe intervals and the QT, QTp intervals (ms) with their values corrected using Bazett's (QTcB, QTpcB) and Fridericia's (QTcF, QTpcF) formulas were significantly greater in the affected than in the unaffected subjects (p < 0.0001) ( Table 2) .
There were no sex differences in the TpTe intervals and QT, QTp intervals with their corrected values between the unaffected women and unaffected men, except the QTpcB (p = 0.0227) and QTpcF (p = 0.0486), and in the affected women compared with the affected men, except the QTcB (p = 0.0394) and QTpcB (p = 0.0108) (Tables 3, 4) .
The LQTS1 and LQTS2 patients showed significantly longer (p < 0.0001) mean TpTe, QT, QTp intervals and higher corrected values than the unaffected family members, except the QTp in LQTS1 (p = 0.0714).
The RR, QT and QTp intervals with their corrected values showed no statistically significant differences between the LQTS1 and LQTS2 types ( Table 5 ). The TpTe interval in LQTS2 showed a tendency to be longer compared to LQTS1, but did not reach statistical significance (p = 0.0933). However, the TpTe interval showed statistically significant sex differences between the LQTS1 and LQTS2 women (p = 0.0409) ( Table 6 ). In addition, QTcB (p = 0.0393) and QTcF (p = 0.0495) values were significantly greater in the women with LQTS2 than in LQTS1 women (Table 6 ). The age of 5 men with LQTS1 varied from 20 to 74 years, TpTe -from 80 to 140 ms; the age of 6 men with LQTS2 varied from 28 to 54 years, TpTe -from 100 to 120 ms.There were no significant differences between the LQTS1 and LQTS2 men in the RR, TpTe intervals and the QT and QTp intervals with their corrected values. Moreover, there were statistically significant differences (p <0.05) in the TpTe interval between the 6 sex subgroups: unaffected women and men as well as women and men with LQTS1 and LQTS2 (Fig. 3) . The area under the ROC curve (AUC) for the TpTe intervals of the LQTS1 and LQTS2 women was 0.705, indicating that this variable is a relatively good discriminator. The cut-off point for the TpTe intervals that optimizes the values of sensitivity and specificity is for values ≥100 ms (Fig. 4) .
Discussion
The ventricular repolarization analysis has been shown to be effective in identifying electrical myocardial instability that leads to the development of ventricular arrhythmia (TdP) observed in the long QT syndrome. In clinical evaluation, the last part of total T-wave (the TpTe interval) has been found to be amplified in patients with congenital long QT syndrome and acquired LQTS. 13, [20] [21] [22] [23] The TpTe interval has been suggested to reflect repolarization heterogeneity that can be easily demonstrated in a standard electrocardiogram (ECG). 24 Therefore, in clinical practice, the TpTe interval is considered a more sensitive marker of arrhythmogenesis compared with the QT interval. 13, 20, 23 In families of LQTS patients, measurements of the Tpeak-Tend interval (TpTe) seemed to be important for the identification of affected relatives, but this parameter did not distinguish symptomatic from asymptomatic subjects. 8, 12, 25 The present study showed that the LQTS-affected patients (LQTS1 and LQTS2) had significantly longer QT, QTp and TpTe intervals than the unaffected family members, which may possibly contribute to the increased risk of cardiac events, although we did not evaluate the association of repolarization parameters, such as TpTe, with cardiac events.
Similarly, Viitasalo et al. (revision Holter recordings) and Kanters et al. (ECG analysis) described increased TpTe intervals in patients with LQTS2 compared with LQTS1 subjects or unaffected family members, but they could not find significant differences between symptomatic and asymptomatic patients in any group. 25 are shown as a mean ±standard deviation (SD); QTcB, QTpcB -QT, QTp intervals corrected for heart rate (HR) using Bazett's formula; QTcF, QTpcF -QT, QTp intervals corrected for heart rate (HR) using Fridericia's formula. are shown as a mean ±standard deviation (SD); QTcB, QTpcB -QT, QTp intervals corrected for heart rate (HR) using Bazett's formula; QTcF, QTpcF -QT, QTp intervals corrected for heart rate (HR) using Fridericia's formula. are shown as a mean ±standard deviation (SD); QTcB, QTpcB -QT, QTp intervals corrected for heart rate (HR) using Bazett's formula; QTcF, QTpcF -QT, QTp intervals corrected for heart rate (HR) using Fridericia's formula.
The TpTe interval seems to be a useful electrocardiographic parameter that helps differentiate between LQTS1 and LQTS2 types in resting or exercise ECG. [7] [8] [9] 12, 25 Our previous study suggests that in diagnostic classification of long QT syndrome as LQTS1 or LQTS2 type in affected children, the most valuable electrocardiographic parameter is the TpTe interval assessed during rest and during the recovery phase after exercise. 7 In the present study of blood relatives of these children, heart rates were comparable in LQTS1 and LQTS2 subjects as well as in LQTS1 and LQTS2 women. We observed that the measures of the TpTe and QT intervals did not provide differentiation between LQTS1 and LQTS2 types; however, the TpTe interval in LQTS2 showed a tendency to be longer compared to LQTS1, still not reaching statistical significance.
In addition, there were statistically significant differences in the TpTe interval between the 6 sex subgroups: unaffected women and men as well as women and men with LQTS1 or LQTS2.
Moreover, the TpTe interval and the corrected QT (QTcB and QTcF) values were differential parameters regarding LQTS1 and LQTS2 women. These are novel findings and similar data has not been found in the available literature to date.
The long QT syndrome is a disorder of diverse phenotypic presentation with some affected patients and their families.
The clinical Schwartz criteria, demonstrating sex-related differences in QTc prolongation, are still valid and the designation of QTc values ≥450 ms in men and ≥460 ms in women as prolonged QTc values comes from the standpoint of AHA/ACCF/HRS guidelines. 19 The Schwartz score, with QT rate correction, after adding other electrocardiographic T-wave parameters (particularly TpTe and QTp), might provide the most useful clinical information with a potential for identifying patients affected by LQTS, as well as it may help differentiate between the LQTS types (LQTS1 and LQTS2 women in particular).
In addition, abnormal values of these parameters correlate well with increased arrhythmic risk.
Twelve-lead standard ECG remains the primary, cheap and most commonly used cardiac diagnostic tool that can help identify affected blood relatives and differentiate between LQTS1 and LQTS2 types, which may have implications for the management of patients with ventricular arrhythmias and the prevention of sudden cardiac death, aimed at modifying a lifestyle and avoiding specific triggers, according to 2015 ESC guidelines. 6, 26, 27 Clinical usefulness of the TpTe interval with regard to identifying affected blood relatives of LQTS patients and differentiating between LQTS1 and LQTS2 types, particularly in terms of sex-related differences, seems to be an interesting issue, but needs further studies, particularly for larger groups of patients. Based on these results, the authors conclude that the electrocardiographic Tpeak-Tend parameter, in addition to the QT interval, is helpful in identifying affected blood relatives of children with LQTS, particularly for the group of LQTS1 and LQTS2 women.
Further studies are required to assess the clinical importance of the TpTe interval in families with long QT syndrome.
